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Abstract: We report on the synthesis and characterizations of TiO2 nanoparticles embedded in polyamide-6
composite nanoﬁbers by using electrospinning technique. The inﬂuence of substrate on the electrical charac-
teristics of polyamide-6/TiO2 composite nanoﬁbers was investigated. The resultant nanoﬁbers exhibit good
incorporation of TiO2 nanoparticles. The doping of TiO2 nanoparticles into the polyamide-6 nanoﬁbers were
conﬁrmed by high resolution transmission electron microscopy and energy dispersive X-ray spectroscopy. Pho-
toluminescence (PL) and cathodoluminescence (CL) spectroscopy were also used to characterize the samples.
The PL and CL spectra reveal that the as-spun polyamide-6/TiO2 composite nanoﬁbers consisted of overlapping
of two broad emission bands due to the contribution of polyamide-6 (centered at about 475 nm), which might
originate from organic functional groups of polyamide-6 and TiO2 nanoparticles (centered around 550 nm). The
electrical conductivity of the polyamide-6/TiO2 composite nanoﬁbers on diﬀerent substrates was carried out.
It was found that the electrical conductivity of the polyamide-6/TiO2 composite nanoﬁbers on silicon substrate
was in the range of 1∼3 μA, and about 1 to 20 pA for the paper and glass substrates.
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In recent years, much attention has been paid to
the preparation of one-dimensional (1D) nanomaterials,
such as nanoﬁbers, nanowires, nanorods, nanotubes,
and nanobelts, which exhibit novel physical and chem-
ical properties due to their unique characteristics for
huge ratio of diameter to length, superior mechani-
cal toughness, and so on [1-6]. Polymer based de-
vices have attracted considerable attention in the ﬁelds
of ﬂexible functional and large-area electronics. Re-
cently, many methods have been utilized to prepare
1D nanomaterials which includes chemical or physical
vapor deposition, arc discharge, laser ablation, vapor-
phase transport process, and a template-based method
[7-12]. Among the various methods, electrospinning is
simple, eﬀective, and cost-eﬀective approach for gener-
ating long ﬁbers with diameters ranging from tens of
nanometers up to micrometers. In the fabrication of
polymer electronics, recent research has intensively fo-
cused on the electrospinning method as a unique way
of synthesizing polymer nanoﬁbers [13,14].
Nanoﬁber structures are investigated for their electri-
cal properties and device characterizations. The elec-
trical conductance is a fundamental property encoun-
tered in every study of electrical transport phenom-
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ena in nanostructured materials. Polymer nanoﬁbers
can be more readily applicable if their electrical con-
ductivities were enhanced. A semiconducting poly-
mer, such as polyamide-6, decorated with metallic con-
ducting nanoparticles furnishes an interesting system
with the prospect of designing device functionality di-
rectly into the material. The electrical conductivities
of polyamide-6 nanoﬁbers can be signiﬁcantly improved
by adding metal nanoparticles with high conductivities.
The electrical property is known to inﬂuence the char-
acteristics of the device and its stability under an elec-
tric ﬁeld. Therefore, research activities have thus been
intensiﬁed on tailoring the electrical property of non-
conducting polymer composites by adding with elec-
trically active materials. In our previous report, we
have investigated the electrical properties of polyamide-
6/chitosan blended nanoﬁbers [15]. Polymers and their
composites have been used as sensing materials to de-
tect targeted gases based on various sensing techniques
[16,17]. However, the electrical properties of these
polyamide-6/TiO2 composite nanoﬁbers have not been
reported so far. Therefore, we have carried out the
detailed electrical characterization of these composite
polyamide-6 nanoﬁbers.
In this study, the eﬀect of substrate type on the elec-
trical properties of embedding of TiO2 nanoparticles in
polyamide-6 nanoﬁbers has been investigated. We an-
alyzed detailed electrical characteristics of these com-
posite nanoﬁbers as-spun on various substrates such as
Si, paper and glass. The morphological, luminescence
and electrical characteristics of the as-spun polyamide-6
composite nanoﬁbers were investigated.
Polyamide-6 (KN120 grade, Kolon Industries, South
Korea) and TiO2 nanoparticles (Aeroxide P25, 80%
anatase 20% rutile, average particle size of 21 nm and
speciﬁc surface area of 50±15m2g−1, Sigma-Aldrich
Inc.) were used in making the polymer solution. The
nanoﬁbers were produced by dissolving polyamide-6
pellets in 85% formic acid (analytical grade, Showa,
Japan). After that the polymer solution was loaded
into a 5ml plastic syringe equipped with a polystyrene
micro-tip (0.3mm inner diameter and 10mm length),
which was connected with a high-voltage power supply
(CPS-60 K02V1, Chungpa EMT, South Korea). Elec-
trospinning was performed at a voltage of about 22 kV.
A grounded iron drum was rotated at a constant speed
by a DC motor to collect the developing nanoﬁbers on
the silicon, paper and glass substrates, which were kept
at a distance of 15 cm from the micro-tip. All experi-
ments were conducted at room temperature.
The phase and crystallinity of TiO2 nanoparticles
were characterized using a Rigaku X-ray diﬀractome-
ter (XRD, Rigaku Co., Japan) with Cu Kα (λ=1.54056
A˚) radiation over a range of 2θ angles from 20◦ to 80◦.
The morphology of the as-spun polyamide-6 nanoﬁbers
was observed by using scanning electron microscopy
(SEM, Hitachi S-7400, Hitachi, Japan) and high res-
olution transmission electron microscopy (HR-TEM,
JEM-2010, JEOL, Japan). To conﬁrm the embed-
ding of nanoparticles, the chemical composition of the
as-spun nanoﬁber mats were analyzed by energy dis-
persive X-ray (EDX) spectrometer attached with HR-
TEM. The optical property of polyamide-6/TiO2 com-
posite nanoﬁbers was characterized by photolumines-
cence (PL) analysis using a 325nm He-Cd laser and a
cathodoluminescence (CL) attached to the ﬁeld emis-
sion scanning electron microscopy (FE-SEM) system.
Then the current-voltage (I-V) characteristic was mea-
sured for the ultraﬁne polyamide-6 nanoﬁbers by us-
ing a semiconductor parameter analyzer (4200-SCS,
Keithley). I-V characteristic measurement was per-
formed: a bundle of nanoﬁbers (with thickness of ap-
proximately few mm and a length of few μm) composed
of polyamide-6/TiO2 was glued to metal contacts. The
electrode was made by using silver paste glue which en-
sured a perfect electrical contact between the metal and
the ﬁbers. In the experiments an increasing DC volt-
age was applied from −20 to 20V to the metal contacts.
The current ﬂowing through the bundle was measured
as a function of the applied voltage.
Figure 1 shows XRD pattern of the TiO2 nanopar-
ticles. The anatase reﬂections are dominating in the
reﬂection patterns and rutile is also present. As shown
in the XRD data, the results aﬃrm formation of the
anatase, the existence of strong diﬀraction peaks at 2θ
values of 25.25◦, 37.80◦, 38.50◦, 48.05◦, 53.9◦, 55.05◦,
62.65◦, 68.85◦, 70.30◦, 75.05◦ and 76.10◦ corresponding
to the crystal planes (101), (004), (112), (200), (105),
(211), (204), (116), (220), (215) and (301), respectively,
indicating the formation of the anatase (JCPDS card no
21-1272). And diﬀraction peaks at 2θ values of 36.00◦
can be well indexed to (101) reﬂection of rutile phase
(JCPDS card no 21-1276). The average crystal size is
estimated by the Scherrer’s formula [18]. The average
crystal sizes are calculated to be of 20nm.





























































Fig. 1 XRD pattern of the TiO2 nanoparticles.
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Figure 2 shows the typical SEM image of polyamide-
6/TiO2 composite nanoﬁbers. This image shows the
composite nanoﬁbers exhibited smooth surface and
bead-free uniform diameters along their lengths. On
the other hand, the incorporation of TiO2 nanoparti-
cles can be seen in the SEM images as shown in Fig. 2.
The resultant composite nanoﬁbers diameters were ob-
served to be in the range of 100 to 150 nm.
Fig. 2 SEM image of electrospun polyamide-6/TiO2 com-
posite nanoﬁbers.
In order to conﬁrm the embedding of the nanopar-
ticles into the nanoﬁbers, we further performed HR-
TEM analysis. Figure 3 shows the HR-TEM im-
ages of electrospun polyamide-6 composite nanoﬁbers.
The HR-TEM samples were obtained by placing the
TEM grid very closely to the syringe micro-tip end for
very short time during electrospinning. The as-spun
polyamide-6 nanoﬁbers with the incorporation of TiO2
nanoparticles in polyamide-6 nanoﬁbers are clearly vis-
ible, as shown in Fig. 3(a). The crystal orientation in
polyamide-6 nanoﬁbers was further investigated by us-
ing selected area electron diﬀraction (SAED) pattern.
Figure 3(b) presents a typical SAED pattern for a poly-
morphous phase, which shows that the TiO2 nanoparti-
cles blended in polyamide-6 nanoﬁbers are of polymor-
phous nature. This consists of a series of fairly dot-
ted concentric rings, which indicates that polyamide-
6/TiO2 composite nanoﬁbers contained a polycrys-
talline phase. From this result, it can be concluded
that the polyamide-6/TiO2 composite nanoﬁbers con-
tains both amorphous and polycrystalline phases.
The chemical composition of the as-spun nanoﬁber
mats were analyzed by EDX spectrometer attached
with TEM. Figure 4(a) and 4(b) shows the EDX spec-
trum of the polyamide-6/TiO2 composite nanoﬁbers.
As shown in Fig. 4(b), the signals of oxygen and Ti
were clearly observed for the composite nanoﬁbers. The
successful embedding of nanoparticles into polyamide-6
nanoﬁbers was conﬁrmed by the EDX spectrum.
The luminescence properties of polyamide-6/TiO2
are useful in understanding the physics of nanostruc-
tures and their potential applications in various ﬁelds.
PL and CL spectra can also be used in order to study
Fig. 3 HR-TEM image of electrospun polyamide-6/TiO2
composite nanoﬁbers and (b) its SAED pattern.
the polyamide-6/TiO2 composite nanoﬁbers energy
levels and to provide information about the surface
oxygen vacancies and defects based on the electronic
structure and optical characteristics. Figure 5(a) shows
the room-temperature PL spectrum of the electro-
spun polyamide-6/TiO2 composite nanoﬁbers. The PL
spectrum of polyamide-6/TiO2 is dominated by the
broad band emission in the range of 350∼600nm with
a maximum of about 475 nm. A broad green pho-
toluminescence peak in the visible range centered at
about 550nm was only detected in polyamide-6/TiO2
composite nanoﬁbers and could be attributed to the
radiative recombination of self-trapped excitons local-
ized within the surface defects of polyamide-6/TiO2
composite nanoﬁbers [19,20]. The broad band emis-
sion from the PL spectrum at room temperature indi-
cates that the polyamide-6/TiO2 nanoﬁbers have good
luminescence quality. The CL spectrum of electro-
spun polyamide-6/TiO2 composite nanoﬁbers was fur-
ther investigated. The representative CL spectrum of
electrospun polyamide-6/TiO2 composite nanoﬁbers is
shown in Fig. 5(b), which has identical shape as the PL
emission spectrum. The CL spectrum of the as spun
polyamide-6/TiO2 composite nanoﬁbers shows an over-
lapping of two broad emission bands due to the con-
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tribution of polyamide-6 (centered at about 475 nm),
which might originate from organic functional groups of
polyamide-6 and TiO2 nanoparticles (centered around
550 nm).
Fig. 4 (a) TEM-EDX spectrum of polyamide-6/TiO2 com-
posite nanoﬁbers, showing the presence of Ti in the com-
posite nanoﬁbers (b).
Figures 6∼8 show the electrical properties of the
electrospun polyamide-6/TiO2 composite nanoﬁbers on
silicon, paper and glass substrates, respectively. I-V
dependence is typical for a metal-polymer-metal con-
ﬁguration, i.e., it is formed by the characteristics of
two point-to-point contacts. The ﬁrst evidence is the
ohmic behavior of the composite nanoﬁbers was due to
the I-V curves being linear. Figure 6 shows the I-V
characteristics of electrospun polyamide-6/TiO2 com-
posite nanoﬁbers on silicon substrate for the applied
bias voltage in the range between −20 and 20V. The
surface potential of the embedded nanoparticles were
directly attributed to the enhanced electrical conduc-
tion in which ﬁeld induced polarization was occurred
due to applied bias voltage. The electrical conductivity
of the polyamide-6/TiO2 composite nanoﬁbers on sili-
con substrate was of the order of 1∼3μA. However, this
phenomenon may be attributed to the related contacts






















































Fig. 6 I-V characteristics of electrospun polyamide-6/TiO2
composite nanoﬁbers on silicon substrate.
between the composite nanoﬁbers, Ag electrodes, and
Si substrate. Actually, we believe that the use of Si
substrate when measuring the I-V properties of semi-
conductor nanostructures or polymers, the current may
be leaking into the substrate. In order to understand
the electrical transport of polyamide-6/TiO2 composite
nanoﬁbers in a better way, we performed I-V character-
istics on paper and glass substrates. The conductivity
of the composite nanoﬁbers on the paper and glass sub-
strates were determined to be in the range of 1 to 20 pA
as shown in Figs. 7 and 8. The conductivity of the
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composite nanoﬁbers was increased by about 6 orders
of magnitude when compared to that of the paper and
glass substrates. These observations indicate that the
electrical conductivity of the polyamide-6/TiO2 com-
posite nanoﬁbers can be signiﬁcantly enhanced with the
use of silicon substrates. The conductance measured on
polyamide-6/TiO2 composite nanoﬁbers over diﬀerent
substrates was signiﬁcantly aﬀected. At the same time,
we should also consider the electrical leakage occurred
through the substrate when Si substrates were utilized
[21,22]. In addition, in order to obtain good electrical
characteristics with high stability, we should be further
improved the interface and electrode contacts, which
would extend the possibilities of high quality perfor-
mance as per the device applications are concerned. In
addition, we plan to optimize the experimental param-

























PA-6/TiO2 nanofibers on paper
Fig. 7 I-V characteristics of electrospun polyamide-6/TiO2





















PA-6/TiO2 nanofibers on glass
Fig. 8 I-V characteristics of electrospun polyamide-6/TiO2
composite nanoﬁbers on glass substrate.
On the basis of our experimental analysis, we con-
clude that the substrate play a signiﬁcant role on the
electrical properties of polyamide-6/TiO2 composite
nanoﬁbers. It is worth noting that the improvement
of electrical properties by addition of nanoparticles in
the polyamide-6 nanoﬁbers is of key signiﬁcance for the
nano-device fabrication.
In summary, the electrical characteristics of
polyamide-6 nanoﬁbers embedded with TiO2 nanopar-
ticles via electrospinning process have been investi-
gated. The as-spun nanoﬁbers were observed to be
of smooth with uniform diameters along their lengths.
The resultant composite nanoﬁbers diameters were in
the range of 100 to 150 nm. The electrospinning process
could be used to prepare polyamide-6/TiO2 composite
nanoﬁbers with a well-deﬁned morphology. The incor-
poration of TiO2 nanoparticles into the polyamide-6
nanoﬁbers were conﬁrmed by HR-TEM and EDX anal-
ysis. The electrical characterization of the polyamide-
6/TiO2 composite nanoﬁbers showed a pure resistive
behavior of the conductive nanoﬁbers and a good stabil-
ity of the as-spun nanostructures. The signiﬁcantly en-
hanced electrical properties of these polyamide-6 com-
posite nanoﬁbers can be utilized for promising nan-
otechnological applications. This observation will con-
tinue to drive researchers toward developing future or-
ganic based nano-devices.
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